We studied the changes which occurred in regional coronary blood flow after right ventriculotomy and the subsequent effects of hypertonic mannitol or isoproterenol infusion. Regional coronary flows were measured with radioactive microspheres (9 micron) in open-chest anesthetized dogs. Either hypertonic mannitol (25%) was infused at 3.2 ml/min or 7.6 ml/min for 30 minutes, or normal saline at 7.6 ml/min for 30 minutes followed by isoproterenol at 0.05-0.10 ,zg/kg/min. In the mannitol treated animals right ventricular, left atrial and aortic pressures, heart rate, and cardiac out-INCISION AND SUTURING of the right ventricle is commonly performed during repair of many congenital heart defects. Right ventriculotomy has been shown to impair acutely right ventricular function in dogs.'" The major clinical concern is whether the ventriculotomy itself may cause permanent functional damage to the right ventricle. Korns and coworkers4 examined postmortem human specimens and reported that extensive ischemic necrosis was commonly found extending 1 to 2.5 cm on each side of the ventricular incision. It seemed possible to us that interruption or marked reduction in myocardial blood flow to the peri-incisional region could be partly responsible for these subsequent morphological changes and the acute impairment in ventricular function. Under such circumstances the extent of injury might be reduced by giving drugs that restore myocardial flow. Recently infusion of hypertonic mannitol has been shown to increase coronary flow to both normal and ischemic regions of the heart and to increase myocardial contractility." 6
INCISION AND SUTURING of the right ventricle is
commonly performed during repair of many congenital heart defects. Right ventriculotomy has been shown to impair acutely right ventricular function in dogs.'" The major clinical concern is whether the ventriculotomy itself may cause permanent functional damage to the right ventricle. Korns and coworkers4 examined postmortem human specimens and reported that extensive ischemic necrosis was commonly found extending 1 to 2.5 cm on each side of the ventricular incision. It seemed possible to us that interruption or marked reduction in myocardial blood flow to the peri-incisional region could be partly responsible for these subsequent morphological changes and the acute impairment in ventricular function. Under such circumstances the extent of injury might be reduced by giving drugs that restore myocardial flow. Recently infusion of hypertonic mannitol has been shown to increase coronary flow to both normal and ischemic regions of the heart and to increase myocardial contractility." 6 The purpose of this study was to measure changes in regional myocardial blood flow following ventriculotomy and those induced by subsequent infusion of hypertonic mannitol. Since the changes in coronary flow which occur with mannitol might result from increase in contractility, we also studied the effect of isoproterenol on regional myocardial blood flow following ventriculotomy.
Methods Thirty-two mongrel dogs weighing between 18 and 32 kg were anesthetized with intravenous chloralose (60 mg/kg). The dogs were ventilated by a Harvard respirator through an endotracheal tube with an oxygen-enriched gas mixture put did not change significantly following vertical ventriculotomy, whereas in the saline-isoproterenol treated animals aortic pressures fell significantly. Coronary flow to the peri-incisional area fell from 41 to 24 ml/min . 100 g (P < 0.05) following ventriculotomy, increased by 34% (P < 0.05) when osmolality rose after mannitol by 37 mOsm, but was unchanged with isoproterenol. The data indicate that a vertical ventriculotomy reduces flow to adjacent myocardium and that subsequent infusion of hypertonic mannitol at moderate rates significantly increases coronary flow to this region.
to maintain arterial oxygen tensions greater than 350 mm Hg and carbon dioxide tensions between 26 and 44 mm Hg. The chest was opened through a median sternotomy. Fluidfilled catheters were placed into both femoral arteries, the right atrium via a femoral vein, the ascending aorta via the right internal mammary artery, and the left atrium via a distal pulmonary vein. A catheter tip transducer (Millar Instruments, Inc., model PC-380) was inserted directly into the right ventricular cavity and balanced against its fluidfilled lumen. Pressures of the fluid-filled catheters were measured with Statham P23Db transducers and recorded on a Beckman oscillograph. Zero reference point for the pressure transducers was mid level of the right atrium. The maximum rate of right ventricular pressure rise (RV dP/dt) was derived by applying the pressure signal from the carrier amplifier to an analog differentiating circuit. The output of the differentiator showed a linear relationship in response to triangular wave frequency changes in the input signal up to 35 Hz. Cardiac output was recorded with an aortic electromagnetic flow transducer and a Statham flowmeter (model SP2202). The flow transducers were calibrated in vitro with timed volume collections of blood. Heart rate was kept constant by atrial pacing. Serum osmolalities were measured during each intervention by the freezing point determinations method, using a Precision Systems Osmette, range of error ± 3 mOsm. Hemoglobin concentration was determined by the cyanomethemoglobin method.
Regional myocardial blood flow was measured by injecting differently labeled batches of radioactive microspheres (400,000-600,000 per injection) into the left atrium, as described previously.7 8 Microspheres with a mean diameter of 9 microns labeled with "'Ce, 85Sr, "Sc, as well as 15 micron diameter microspheres labeled with "25I, were used to measure regional myocardial blood flow. The suspension fluid was counted before using each batch of microspheres to be certain no free isotope was present. At specified times, the microspheres were injected over a 20 second period into the left atrium with 10 ml of warm saline. Immediately before and during the injection, blood was withdrawn at a constant rate of 12 ml/min using a Holter pump and collected into counting vials from catheters tied in each femoral artery. The reference blood samples were collected for three 30 sec-26 ond time periods to be sure that all microspheres had cleared the circulation and catheters. Regional myocardial blood flow was determined from the equation: myocardial flow equals myocardial nuclide activity X reference sample flow/reference sample nuclide activity. At the conclusion of each experiment the dog was killed and the heart removed. The atria, epicardial fat, great arteries, and the large superficial coronary vessels were removed from the ventricles. The free wall of the right ventricle was cut at its junction with the ventricular septum. The free wall of the left ventricle and the septum were separated at the right border of the posterior papillary muscle posteriorly and along the left anterior descending coronary artery anteriorly. The right ventricle was subdivided into a peri-incisional region, tissue lying within 1 cm on either side of the ventriculotomy site; a normal region, tissue lying more than 2 cm from the ventriculotomy site; and an intermediate region lying between the other two regions. The tissue from each region and the reference blood samples were placed in glass counting vials, weighed and counted in a gamma well scintillation counter (Nuclear Chicago). The radioactivity emitted from each nuclide was determined by the method of Rudolph and Heymann9 modified by using different predetermined constants for differential spectrometry.
Ventriculotomy Studies
In these studies pressures, cardiac output and myocardial flows were measured in eight dogs before incision was made in the right ventricular free wall. The incision and suturing were done in successive short sections through the full thickness of the right ventricular free wall so that cardiopulmonary bypass was not required. This resulted in a continuous incision which extended from the outflow tract for an average of 4.4 cm (42% of the right ventricular apex-tobase dimension). The incision was made parallel to the left anterior descending coronary artery with care being taken to avoid damage to any large coronary vessel. The continuous suture was restricted to within 5 mm of the incision. After closing the ventriculotomy blood loss was replaced and the dogs were allowed to recover and stabilize for a period of 15 minutes and then a second batch of radioactive microspheres was injected to measure regional myocardial flow.
Mild Hyperosmolality Studies
In these studies pressures and cardiac output were measured in nine other animals prior to ventriculotomy. Then incision and suturing of the right ventricular free wall was performed as described above. After a 15 minute stabilization period, pressures and cardiac output were recorded and the first batch of radioactive microspheres was injected to measure regional myocardial blood flow. Hypertonic (25%) mannitol was then infused intravenously at 3.82 ml/min for 30 minutes following which pressures, cardiac output and myocardial flows were measured.
Moderate Hyperosmolality Studies
In ten other animals pressures and cardiac output were measured prior to and 15 minutes after right ventriculotomy. Hypertonic mannitol was then infused intravenously at 7.6 ml/min for 30 minutes following which pressures and cardiac outputs were recorded. Regional myocardial blood flows were measured after ventriculotomy and repeated after the 30 minute period of mannitol infusion.
Isoproterenol Studies
In these studies, pressures, cardiac output and myocardial flows were measured in five other animals before incision was made in the right ventricular free wall. After a 15 minute stabilization period, pressures and cardiac output were recorded and the second batch of radioactive microspheres was injected to measure regional myocardial blood flow. Normal saline was then infused intravenously at 7.6 ml/min for 30 minutes following which isoproterenol was infused. The latter infusion rate was adjusted so that the changes in right ventricular dP/dt in the isoproterenol studies nearly matched the changes in right ventricular dP/dt seen in the moderate hyperosmolality studies. These adjusted infusion rates of isoproterenol ranged between 0.05-0.10 ,g/kg/min. After a 5 minute stabilization period pressures, cardiac output, and myocardial flows were measured.
Results

Ventriculotomy Studies
Coronary flow (ml/min. 100 g of myocardial tissue) to the peri-incisional region of the right ventricle fell from 41 to 24 (P < 0.05) whereas flow to the normal portion of the right ventricular free wall increased from 40 to 50 (P < 0.05) as shown in table 1 and figure 1. Coronary flow to the intermediate region of the right ventricle (lying between the normal and peri-incisional regions) is not presented separately, since in all the studies flows to this region were statistically the same as flows to the normal region. Right ventriculotomy did not significantly alter coronary flow to either the ventricular septum or the left ventricle. Following right ventriculotomy heart rate, cardiac output, right ventricular, left atrial and aortic pressures did not significantly change ( 
Mild Hyperosmolality Studies
After ventriculotomy mannitol had no significant effect on coronary flow to the peri-incisional region of the right ventricle when serum osmolality rose from 290 ± 4 (SEM) mOsm to 308 ± 3 mOsm (table 1 and fig. 2 ). However, infusion of mannitol did increase flow to the normal region of the right ventricular free wall from 51 to 77 ml/min * 100 g (P < 0.05). Coronary flow to the ventricular septum and left ventricle tended to increase slightly after infusion of hypertonic mannitol. Following ventriculotomy, the mild increase in osmolality did not significantly alter heart rate, cardiac output, right ventricular, left atrial or aortic pressures (table  2) . With the infusion of mannitol peak right ventricular dP/dt increased approximately 7% but the change was not statistically significant. Despite the increase in serum osmolality, hemoglobin concentration did not change.
increased coronary flow to the peri-incisional region from 32 to 43 ml/min * 100 g (P < 0.05), when serum osmolality rose from 287 ± 3 mOsm to 324 + 3 mOsm ( fig. 2 ). Coronary flow to the normal region of the right ventricle increased from 64 to 84 (P < 0.05); coronary flow also increased significantly to the ventricular septum and left ventricular free wall with moderate hyperosmolality (table 1) . Despite this increase in serum osmolality, hemoglobin concentration did not change significantly. After ventriculotomy, heart rate, cardiac output, right ventricular, left atrial, and aortic pressures were not altered significantly by the greater increase in osmolality produced by hypertonic mannitol (table 2) . However, right ventricular peak dP/dt increased by 32% (P < 0.05) of the post ventriculotomy value.
Moderate Hyperosmolality Studies
After ventriculotomy, the higher infusion rate of mannitol 
Isoproterenol Studies
Following ventriculotomy the infusion of saline over a 30 minute period did not result in any significant changes in regional myocardial blood flow. The subsequent infusion of isoproterenol had no significant effect on coronary flow to the peri-incisional region of the right ventricle, whereas it did increase coronary flow to the normal region from 66 to 95 ml/min * 100 g (table I and fig. 2 ). Coronary flow to the left ventricular free wall and ventricular septum also increased significantly with the infusion of isoproterenol. Following ventriculotomy these rather low doses of isoproterenol resulted in a slight increase in cardiac output, no change in heart rate or right ventricular pressures, but a significant fall in both aortic systolic and diastolic pressures (table 2) . By experimental design right ventricular peak dP/dt increased by approximately 28% (P < 0.05). Figures 3 and 4 relate the changes in regional myocardial blood flow to the changes in right ventricular peak dP/dt following ventriculotomy, before and during the drug infusions. Figure 3 shows that mild hyperosmolality was not associated with significant changes in dP/dt or regional myocardial blood flow to the peri-incisional region of the right ventricle. Infusion of isoproterenol resulted in significant changes in dP/dt but failed to significantly increase flow to this region. Induction of moderate hyperosmolality increased both right ventricular peak dP/dt and regional coronary blood flow. In fact, coronary flow tended to increase more than did right ventricular dP/dt. figure 3 . Note that in this region when moderate hyperosmolality and isoproterenol caused comparable changes in dP/dt they caused similar changes in myocardial flow. fig. 1) . The peri-incisional area was arbitrarily chosen so as to include not only tissue lying within the suture line, but also that lying 5 mm outside. An intermediate area of tissue, 1 cm outside the peri-incisional region was also studied, but since flow to this region did not differ significantly from that in the normal right ventricular region in any of the studies, it was not considered separately. This means that impairment of myocardial perfusion involved only tissue lying within approximately I cm of the incision. Previous pathologic studies have described ischemic damage extending 2-3 cm from the ventriculotomy site.' The more limited area of myocardial underperfusion in the present study may be due to its acute nature and possibly the fact that these animals did not have right ventricular hypertrophy.
Coronary flow to the normal portion of the right ventricular free wall rose 25% following the ventriculotomy ( fig. 1 ). This increase in coronary flow to the normal region of the right ventricular free wall may have resulted from recruitment of myofibrils in this region to compensate for the functional loss of those in the peri-incisional region. Since coronary flow to the left ventricular free wall and septum did not change significantly following ventriculotomy, the alterations in right ventricular regional flow were not part of a generalized autonomic response.
The mechanism responsible for the reduction in coronary flow to tissue near the ventriculotomy site is not known. 2) . However, when mannitol increased osmolality by 37 mOsm, coronary flow to the peri-incisional area increased significantly by 34%. This increase in coronary flow was not limited to just the ischemic region, since flow increased by approximately 30% to the left ventricular free wall, the septum, and the normal region of the right ventricle with moderate hyperosmolality. These findings are similar to those reported in earlier studies which have shown generalized increases in regional myocardial flow with mannitol induced hyperosmolality.'
The alterations seen in coronary flow following mannitol infusion were not secondary to changes in arterial oxygen content since hemoglobin concentrations did not change and arterial oxygen tensions were kept stable. Mannitol infusion could have caused an increase in coronary flow by increasing myocardial metabolic activity and/or by directly affecting coronary vascular resistance. The major determinants of myocardial oxygen consumption, i.e., heart rate, peak pressure, stroke volume, were similar before and after mannitol infusion; only right ventricular peak dP/dt rose significantly. The increase in right ventricular contractility probably accounts for some of the increase in coronary flow due to greater myocardial oxygen needs. This change in contractility could have a potential detrimental effect if the myocardial demand for oxygen outstrips the capacity of the damaged coronary bed to supply oxygen to the periincisional region. Figure 3 demonstrates that with moderate hyperosmolality coronary flow to the peri-incisional region appeared to increase to a greater extent than the increase in right ventricular peak dP/dt. The purpose of the isoproterenol studies was to determine whether a comparable increase in right ventricular peak dP/dt with this agent would result in changes of regional blood flow that were similar to those seen with moderate hyperosmolality. Although isoproterenol tended to increase coronary flow to normal regions of the myocardium, it failed to increase flow to the peri-incisional region of the right ventricle. Under such circumstances. myocardial injury could become more extensive in the peri-incisional region if isoproterenol increases myocardial oxygen needs but fails to increase the supply of oxygen.
Of primary concern is whether the increase in coronary flow with mannitol-induced hyperosmolality can salvage injured myocardium. The present study demonstrates that following a vertical right ventriculotomy coronary perfusion to myocardium lying near the incision falls significantly. The decrease in flow, not seen in other areas of the heart, may partly be due to intravascular endothelial cell swelling and/or extravascular edema following the trauma of ventriculotomy. When moderate hyperosmolality is induced by infusion of hypertonic mannitol, coronary flow significantly increases in the peri-incisional region, possibly by reducing coronary vascular resistance in this area. If restoration of coronary flow to this region protects cells from irreversible damage, then residual scarring of the right ventricular myocardium might be reduced by such a therapeutic intervention. Although the concept of salvaging myocardium after ventriculotomy is quite interesting, it is important to point out that this study presents acute experimental data. Before instituting mannitol therapy in patients with ventriculotomies, additional studies are needed which demonstrate histologically that myocardial injury is reduced after ventriculotomy by infusion of hypertonic mannitol.
